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Abstract 
Dissolved and extractable iron concentrations in surface water, groundwater and 
bottom sediments were determined for Halls Creek, a small subtropical tidally 
influenced creek. Dissolved iron concentrations were much higher in fresh surface 
waters and groundwater compared to the estuarine water.  In bottom sediments, iron 
minerals were determined by x-ray diffraction; of these, hematite (up to 11%) has 
formed by precipitation from iron-rich water in the freshwater section of the 
catchment. Pyrite was only identified in the estuarine reach and demonstrated several 
morphologies (identified by scanning electron microscopy) including loosely and 
closely packed framboids, and the euhedral form.  The forms of pyrite found in 
bottom sediments indicate in situ production and recrystallisation. In surface waters, 
pyrite was detected in suspended sediment; due to oxygen concentrations well above 
50 µmol/L, it was concluded that framboids do not form in the water column but are 
within resuspended bottom sediments or eroded from creek banks. The persistence of 
framboids in suspended sediments, where oxygen levels are relatively high, could be 
due to their silica and clay-rich coatings, which prevent a rapid oxidation of the 
pyrite.   
In addition to identifying processes of formation and transport of pyrite, this study 
has environmental significance, as this mineral is a potential source of bioavailable 
forms of iron, which can be a major nutrient supporting algal growth.   
 
 
Keywords: iron, surface water, bottom sediments, suspended sediments, pyrite 
framboids 
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INTRODUCTION 
1. Introduction 
Estuaries are dynamic environments, which depending on their geomorphology and 
hydrological regime can effectively trap catchment-derived sediment.  This material 
includes minor and trace metals derived from the weathering of rocks and 
anthropogenic sources (Martin and Windom, 1991; Zwolsman et al., 1996).  Among 
these metals, iron is an important biological and geochemical trace element in 
estuarine ecosystems; however, excess iron is of environmental concern in these 
settings due to biogeochemical recycling and ecological risks (e.g. major nutrient for 
algae blooms) (e.g. Liu et al., 2003).  Furthermore, it is currently recognised that the 
chemical speciation and distribution of iron are not yet fully understood (Kuma et al., 
1998). 
 
In oxic seawater, iron is present predominantly in the insoluble and 
thermodynamically stable 3+ oxidation state (Morel and Hering, 1993; Stumm and 
Morgan, 1996). In coastal environments such as estuaries, pH and salinity are often 
similar to the open sea, even though input of iron is much higher than to the oceans.  
Consequently, insoluble ferric oxyhydroxides are usually the stable product of 
chemical transformations involving iron; therefore, iron may still be scarce in these 
environments from a biological perspective (Rose and Waite, 2003).   
 
Iron has been identified as an important limiting nutrient in plankton productivity 
(Martin et al., 1990; Croot and Hunter, 2000), and in particular, cyanobacterial 
productivity (Pearl et al., 1987).  Recent studies in the Pumicestone region of 
southeast Queensland (Figure 1) have identified iron as one of the main elements 
supporting the growth of Lyngbya majuscula, a filamentous marine cyanobacterium 
that is often found attached to the sea floor, sea grass or rock outcrops.  Lyngbya is 
toxic and negatively affects the aquatic fauna (Dennison and Abal, 1999).  While the 
effect of iron and other macronutrients such as N and P has been well established 
throughout the Pumicestone and adjacent Moreton Bay regions (Dennison and Abal, 
1999; Watkinson, 2000; Ahern et al., 2003), a geochemical and mineralogical study 
focused on identifying iron species and their source is lacking.  This study, therefore, 
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aims to identify the source and elucidate the path of iron transport from its source to 
surface and groundwater, suspended material and bottom sediments.   
 
In a previous study of the regional sediment geochemistry, pyrite was found in 
estuarine sediments (Liaghati et al., 2003).  In this study, we examine the 
morphology and likely source of this iron sulfide mineral.  Pyrite commonly forms 
under reducing waterlogged conditions where sulfur and iron are present.  
Disturbance of such environments and subsequent oxidation of pyrite can lead to the 
production of sulfuric acid, which can have a detrimental impact on the environment, 
and release toxic metals and bioavailable Fe2+.  Although many studies have 
addressed issues related to the occurrence and formation of sedimentary pyrite (e.g. 
Rickard, 1973; Lord and Church, 1983; Berner, 1984; Wada and Seisuwan, 1988; 
Dent and Pons, 1995), there is limited information on the size and morphology of the 
crystalline form of pyrite termed framboidal pyrite, which is indicative of the 
conditions under which the pyrite crystals have formed (Middleburg et al., 1988; 
Skei, 1988; Sawlowicz, 2000). 
 
In this study we examine the concentration and distribution of dissolved iron in water 
and sediments, the iron minerals contained in bottom sediments, their source and 
migration path, and variations in the morphology of pyrite present in the bottom and 
suspended sediments. 
 
The study site is located in the Pumicestone Region of southeast Queensland, on the 
north-western margin of Moreton Bay (Figure 1).  The study area is the small tidally 
influenced catchment of Halls Creek (Figure 2), which drains the coastal plain into 
Pumicestone Passage estuary, which is connected to Moreton Bay.  The catchment is 
low lying, <10 m above sea level, and consists of Quaternary age sediments 
overlying sandstone bedrock (Liaghati et al., 2003). 
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Figure 1: Location of the study area with relation to Pumicestone and Moreton Bay area. 
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2. Material and methods 
2.1. Sampling Strategy 
To identify the source and migration of metals in Halls Creek catchment and to better 
understand the processes involved in the transportation of metals, samples were 
collected from surface and groundwater, as well as bottom sediments.  Samples of a 
floating ‘film’ of suspended sediment were also collected from surface waters.  This 
small catchment was selected as the study site as ‘iron staining’ has been observed 
on both the creek banks and in the adjacent wetlands, suggesting that in this creek 
there may be relatively high levels of iron in the water column and sediments. 
 
The samples of surficial fluvial alluvium and estuarine sediment (top ~ 5 cm of 
undisturbed sediment) were collected using a 0.5 litre Van Veen-type grab sampler.  
Samples of stream water (10 cm depth) and groundwater from bores were collected 
in April 2003, one week after a heavy rainfall event (74 mm over 2 days, Queensland 
Department of Primary Industry–Forestry, unpublished data, 2003). Groundwater 
samples were collected from 5 bores (constructed and maintained by School of 
Natural Resource Sciences, Queensland University of Technology) by submersible 
bailers. Samples were immediately chilled and analysed within 48h of collection. 
The samples for cation analyses were collected in polyethylene bottles aged in nitric 
acid for at least 4 days; samples for anion analyses were collected in non-acidified 
bottles.  The water samples were filtered using a 45µ filter and refrigerated; electrical 
conductivity (EC), dissolved oxygen (DO) and pH were measured in the field with a 
TPS 90FL meter.  
 
2.2. Analytical Methods 
2.2.1. Water samples 
Cation analysis was conducted using inductively coupled plasma optical emission 
spectroscopy (ICP-OES), which was calibrated against appropriate standards and a 
blank prepared with nitric acid.  Anions were determined by ion chromatography 
(IC) and the alkalinity as HCO3 by titration with 0.02 N standard HCl following 
procedures described in Greenberg et al. (1992).  Selected water samples were 
filtered and the form and composition of particulate matter was analysed using a FEI 
Quanta 200 Environmental SEM and JEOL 840A Electron Probe Micro-analyser.  
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2.2.2. Bottom sediment samples 
The mineral composition of sediments was determined using x-ray diffraction 
(Philips PW 1050 diffractometer equipped with a cobalt anode).  Bulk (non-oriented) 
powder samples were used to obtain total composition; oriented specimens were 
prepared for clay identification. The preparation of oriented samples exploits the 
sheet structure of the clay minerals and produces a pseudo-macrocrystal with a more 
intense diffraction pattern. The quantification of mineral phases was assisted by 
SIROQUANT (quantification program which expresses the composition of 
crystalline material within a sample in percentage of dry weight).  Selected bottom 
sediment samples were examined for presence and form of pyrite using a FEI Quanta 
200 Environmental Scanning Electron Microscope (SEM).   
 
The extractable iron was analysed by digesting the sediment samples in aqua regia (1 
HNO3: 3 HCl) following a procedure described by Loring and Rantala (1992); 
quantification was by ICP-OES.   
 
3. Results and discussion 
3.1. Water chemistry 
3.1.1. Major elements  
The chemical composition of natural water sampled in and around Halls Creek is 
presented in Table 1.  The water samples were classified based on their total 
dissolved solids (TDS) as fresh, brackish and saline.  The major element composition 
of all the water samples is Na-Cl.  The freshwater section of the creek is typically 
acidic to neutral (pH 5-7), and the lower estuarine reach sampled is alkaline (pH 7-
8).  Electrical conductivity varied between 0.1 and 0.7 mS/cm for the freshwater 
section (surface and groundwater) and between 17 and 30 mS/cm for the estuarine 
section.  The groundwater is generally fresh with the exception of bore H1, where 
both freshwater flushing and saltwater intrusion have been found to occur (Ezzy and 
Cox, 2003).   
 
The major sources of soluble elements in a river system usually include: (1) sea salts 
carried inland in the atmosphere and deposited in the river (cyclic salts), (2) 
weathering products of silicate and sulfide minerals, and (3) anthropogenic input 
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(Berner and Berner, 1996).  Land-use in this non-industrialised catchment is semi-
rural with pine plantations, therefore, only sources (1) and (2) are likely to be 
dominant.  Gibbs (1970) suggested that a simple plot of TDS versus the weight ratio 
of Na+/(Na+ + Ca2+) can provide insights into the relative importance of the major 
natural mechanisms controlling surface and groundwater chemistry such as 
atmospheric precipitation, rock weathering and evaporation and fractional 
crystallisation.  While Gibbs’s method is known to be less clear for waters with high 
Na+/(Na+ + Ca2+) (Gibbs, 1970; Berner and Berner, 1996; Faure, 1998), it otherwise 
provides a useful method to identify processes affecting the chemistry of waters that 
are dominated by the influence of rock weathering (Berner and Berner, 1996). 
 
For Halls Creek, the plot of TDS concentrations of the surface and groundwater 
samples and their weight ratios of Na+/(Na+ + Ca2+) (Figure 3) shows that these 
waters are characterised by a high ratio of Na+/(Na+ + Ca2+), approaching 1. Overall, 
while the contribution of atmospheric precipitation is zero, both evaporation and 
weathering are shown to be principal contributors to the major element geochemistry 
of water samples (Figure 3). 
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Figure 3:  Classification of water samples according to Gibbs (1970).  Water 
chemistry in the central part of the “boomerang” is dominated by weathering of 
silicate minerals.  Samples in the upper part of the boomerang represent 
progressive evaporation resulting in an increase in TDS and enrich the water in 
Na+ while depleting in Ca2+.  The lower part of the diagram represents water 
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Table 1: Chemical character of surface and groundwater in Halls Creek catchment 
(values are in mg/L, unless otherwise specified). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1  
 
Salinity classification using total dissolved solids (TDS) after Gorrell, (1953).   
Fresh  <1000 
Brackish 1000-10,000 
Saline 10,000-100,000 
Brine >100,000 
SWF = fresh surface water; SWE = estuarine surface water; GW = groundwater; WB = weathered bedrock; A = alluvial material
Samples Water type 
Depth 
Sampled (m) 
Groundwater 
aquifer type pH 
Cond 
mS/c
m 
DO TDS Na K Mg Ca Mn Fe Al HCO3 SO4 Cl 
Salinity
1
 
HC8 SWF 0.1 .. 6.0 0.145 2.4 69 18 1 3 2 0.01 1.24 0.29 1 3 35 fresh 
HC7 SWF 0.1 .. 6.0 0.131 2 77 26 1 3 3 0.03 3.54 0.96 2 1 31 fresh 
HC6 SWF 0.1 .. 5.0 0.156 1.6 105 28 0 3 2 0.02 2.42 0.49 3 7 46 fresh 
HC5 SWF 0.1 .. 7.0 0.747 3 95 18 3 2 4 0.04 8.93 0.67 9 4 36 fresh 
HC4 SWE 0.1 .. 7.2 21.8 4.6 2002 631 27 75 26 0.05 15.7 0.27 70 140 1007 brackish 
HC3 SWE 0.1 .. 7.7 27.7 6.5 19656 5533 281 791 214 0.03 0.87 0.38 141 1376 11279 fresh 
HC2M SWE 0.1 .. 7.8 28.1 6.5 17534 4360 220 571 186 0.04 0.95 0.23 148 1298 9492 saline 
HC2S SWE 0.1 .. 7.7 27.7 6.8 15032 4225 226 575 188 0.04 0.69 0.14 143 1191 8411 
 
saline 
HC2N SWE 0.1 .. 7.4 25.4 5.9 16331 3718 196 504 166 0.06 1.76 0.43 132 1229 9066 saline 
HC1M SWE 0.1 .. 7.9 29.8 7.3 16407 4388 239 607 201 0.02 0.3 0.22 147 1552 9222 saline 
HC1S SWE 0.1 .. 7.9 29.3 7.3 15985 4180 252 630 208 0.03 0.43 0.18 144 1357 9173 saline 
HC1N SWE 0.1 .. 7.7 28.6 6.2 18414 4075 227 590 191 0.04 0.86 0.24 143 1436 10443 saline 
H5 GW ~10 WB 7.6 0.094 6.7 90 29 0 1 2 0.05 0.13 0.42 6 4 35 fresh 
H4 GW ~10 WB 6.4 0.41 5 208 65 0 1 0 0 0.47 0.11 6 111 26 fresh 
H3 GW ~10 WB 7.8 0.207 2.8 208 60 3 4 4 0.07 1.44 2.83 18 33 90 fresh 
H1 GW ~10 A 6.2 17.3 3.4 10195 2706 115 477 220 0.27 6.11 0.3 1220 1536 4557 saline 
H2 GW ~10 A 5.9 0.586 2.8 314 86 6 10 7 0.06 6.53 0.29 5 36 151 fresh 
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3.1.2. Minor elements 
The content of minor elements such as Mn and Al is very low in waters sampled and 
does not exceed 0.3 and 2.8 mg/L, respectively (Table 1).  It has been observed that 
the solubility of Al is strongly pH dependent and significant environmental 
concentration is only found below pH 5.5 where an increasing concentration is due to 
the solubility of microcrystalline gibbsite (Bache, 1986).  At a pH of >5, it is not 
likely that unstable, toxic forms of Al will be present in natural waters, although 
colloidal aluminium and other aluminosilicate colloids may contribute to the total 
aluminium in waters (Edmunds and Smedley, 1996).   
 
The concentration of iron, however, is high in Halls Creek, with maximum 
concentrations of 8.9 mg/L in the freshwater section and 15.7 mg/L at site HC4, the 
boundary between the fresh and saline sections of the study area.  The sudden drop in 
Fe content from site HC4 (15.7 mg/L) to HC3 (0.87 mg/L) may be due to the 
inorganic removal of “dissolved” iron in the estuary (e.g. Liss, 1976; Boyle et al., 
1977; Aston, 1978; Burton, 1988); when freshwater with a pH of around 5 reaches 
the saline estuary water with a pH around 7.9, there appears to be rapid precipitation 
of dissolved iron.  This process was also observed by Crerar et al. (1981) who found 
that with an increase of pH during the mixing of freshwater with seawater, the 
dissolved inorganic Fe becomes supersaturated and precipitates as Fe oxyhydroxides 
floccules along with the pre-existing Fe colloids and high molecular weight humic 
material.   
 
3.2. Bottom sediments 
3.2.1. Mineralogy 
The most abundant primary minerals detected in the bottom sediment samples are 
quartz (33-100%) followed by feldspars (up to 14%; Table 2).  The clay component 
varies largely and consists of kaolinite (traces-53%), smectite-illite mixed layer (up 
to 11%) and illite (up to 4%).   
 
Minerals such as pyrite and hematite also occur in some samples and have distinct 
spatial distributions.  While pyrite was only found within the estuarine section, 
hematite is only present in the upper fresher part of the creek.  Pyrite and hematite 
have been previously reported throughout the catchment (Liaghati et al., 2003), 
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however, the amounts reported were significantly lower (0.8 and 2% for pyrite and 
hematite, respectively) than within the Halls Creek catchment (2.6 and 11% for 
pyrite and hematite, respectively; Table 2).   
 
 
Table 2: Mineralogy of bottom sediments (%) 
 
Sample Quartz Feldspars Kaolinite Illite-smectite Illite Pyrite Hematite 
HC8 62.1 traces 28.1 0.0 0.0 0.0 9.8 
HC7 100.0 0.0 traces 0.0 0.0 0.0 0.0 
HC6 71.6 0.3 16.9 0.0 0.0 0.0 11.2 
HC5 66.5 1.0 19.7 0.0 3.8 0.0 9.0 
HC4 33.2 11.0 53.1 0.0 0.0 2.6 0.0 
HC3 47.7 9.7 40.4 0.0 0.0 2.2 0.0 
HC 42.2 14.4 32.0 11.4 0.0 0.0 0.0 
HC2M 85.0 3.1 7.7 0.1 2.5 1.5 0.0 
HC2S 76.4 4.9 13.9 0.2 2.3 2.2 0.0 
HC2N 86.1 2.9 8.0 0.1 2.0 1.0 0.0 
HC1M 54.8 11.2 24.9 3.9 3.6 1.5 0.0 
HC1S 81.3 6.0 10.6 0.4 0.6 1.1 0.0 
HC1N 90.6 2.6 3.7 0.1 2.0 1.1 0.0 
 
Secondary minerals such as hematite are commonly formed by sulfide oxidation or 
precipitation from metal-rich water.  As the pH of the creek water increases 
downstream, due to estuarine mixing, secondary minerals can precipitate as 
streambed deposits (e.g. Swayze et al., 1996).  In the study area, however, hematite 
was identified (9-11%) only in the freshwater section where the pH ranged between 5 
and 7, suggesting that the precipitation of hematite was from iron-rich water.  The 
dominant source of iron in the Halls Creek catchment is the Landsborough Sandstone 
bedrock (Liaghati et al., 2002).   
 
In aquatic sediments, bacteria degrade organic matter aerobically with oxygen as an 
electron acceptor.  When all oxygen is depleted, iron oxides act as solid-phase 
electron acceptors for anaerobic degradation of organic matter.  Both the aerobic and 
anaerobic degradation pathways have been intensively studied (e.g. Jorgensen, 1977; 
Canfield et al., 1993a; Canfield et al., 1993b).  It is most likely therefore, that with 
high organic carbon loadings throughout the study area (up to 10%, Liaghati et al., 
2003), the above biogeochemical process is responsible for iron oxide reduction and 
the release of Fe2+ to the lower saline section of the study area (e.g. Canfield, 1989; 
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Canfield, 1994; Wijsman et al., 2001).  The presence of sulfate (SO42-) from 
seawater, iron from the reduction of hematite and organic material, therefore, appear 
to have resulted in the formation of sedimentary pyrite.   
 
3.2.2. Pyrite morphology 
Erosion of streambeds and banks can result in the presence of organic and inorganic 
phases of iron minerals in streams.  For example, suspended sediment samples 
collected from the surface of river water at the southern margin of Moreton Bay 
contained clay particles, amorphous iron phases and well-developed crystals of 
jarosite (Preda and Cox, 2000).  Similar suspended sediment was observed in this 
study.  The slightly orange, oily film on the surface of water in Halls Creek was 
collected at sites H2 and HC, while bottom sediment samples were collected from 
adjacent sites (HC3 and HC4, Figure 2).  Sample H2 contained only poorley-
crystallised iron hydroxides; in sample HC located between HC3 and HC4, however, 
clay particles and pyrite crystals were observed (Figure 4).  As it is not common to 
observe floating pyrite particles, the first analysis of sample HC was repeated 
(existing sample was filtered using a 45µ filter and re-analysed) four weeks after the 
first analysis.  The results shown in Figure 4 confirmed the findings of the first 
analysis.   
 
Framboids (spherical structures of crystals) of pyrite were found in both suspended 
matter and bottom sediments.  In both these materials, the size varied between 5 and 
20 µm; micro-framboids were also found and are generally < 1µm.  There are several 
indications that pyrite was present in the creek water: 1) the physical appearance of 
the framboid, 2) the stoichiometry (gained by EDS microanalysis showing ~ 45% Fe 
and 55% S) was that of pyrite, and 3) pyrite was positively identified in the bottom 
sediments by XRD (1-2.6%).   
 
The SEM analysis of pyrite found in suspended particulate matter shows two 
distinctive morphologies: firstly, loosely packed framboids that have an organic 
infilling or matrix between the individual spheres (Figure 4a); this structure allows 
physical disintegration of the framboid (e.g. Skei, 1988), and secondly, spherical 
clusters of well-formed microcrystals (Figure 4b and 4c).   
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In bottom sediments, closely packed spherical clusters of rounded microcrystals were 
absent.  Only loosely packed framboids (Figures 5, 6 and 7) and single euhedral 
crystals of pyrite were found (Figure 8).  The octahedral form of pyrite is usually 
scarce in recent sediments and is indicative of slow crystal growth. The formation of 
framboids, in contrast, is comparatively more rapid and it takes place under 
conditions of lower pH and higher Eh, and when supersaturated pyrite is able to 
nucleate rapidly onto suitable surfaces (Butler and Rickard, 2000).   
 
The close spatial association of pyrite framboids and euhedra observed in bottom 
sediments in this study and elsewhere (e.g. Sawlowicz, 2000) may be due to their 
genetic relationship; it is possible there has been recrystalisation from framboidal to 
single grain pyrite (e.g. Love and Amstutz, 1966).  Therefore, the presence of 
euhedral pyrite in bottom sediments of Halls Creek may be indicative of geochemical 
stability and a minimum degree of disturbance, which has enabled the slow crystal 
development of framboids to the euhedral form of pyrite. 
 
In summary, the form and degree of packing of pyrite crystals is as follows: a) 
loosely packed framboids, mostly 5-20 µm, were found in bottom sediments and 
suspended matter, b) closely packed framboids were only found in suspended matter, 
and c) the rare euhedral form was only found in bottom sediments.  The euhedral 
pyrite found in bottom sediments suggests that the formation and recrystalisation of 
pyrite is an ongoing process in the estuarine sediments.   
 
As the oxygen concentration of the lower estuary water was high and well above 50 
µmol/L (e.g. Middelburg et al., 1988), the pyrite framboids could not have formed in 
the water column and are most likely eroded and mobilised from bottom or bank 
sediments. The presence of pyrite framboids in the suspended sediment suggests that 
estuarine water is unable to rapidly oxidise this mineral.  This is most likely because 
silica and clay-rich gels (Fig 6a and 7, respectively) coat most of the suspended 
framboids, apparently delaying their oxidation (e.g. Middelburg et al., 1988) as well 
as enabling them to float.   
 
 
 16 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a
b
c
Figure 4: Microphotographs of framboidal pyrite crystals 
collected from particulate matter in the lower estuary (site HC): 
a) a loosely packed framboid of pyrite, b) poorly crystallised 
pyrite, and c) closely packed pyrite framboid. 
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Figure 5: Bottom sediments at site HC3. The 
loose packing of the framboids suggests the 
presence of an organic infilling or matrix 
between the individual spheres (e.g. Skei, 
1988). 
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Figure 6: Bottom sediments at site HC4. a) Spherical 
framboids covered with silica gel (indicated by arrow).  
The presence of silica both stabilises and preserves 
pyrite framboids from later recrystalisation by 
preventing rapid oxidisation in water column (e.g. 
Ostwald and England, 1977); and b) loosely packed 
micro-framboids without the silica coating. 
 
 
a 
b 
 19 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Micro-framboids, <1mm at site HC4, covered by a clayey gel (smectite 
stoichiometry was identified by EDS) 
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Figure 8: Arrowheads point to well-developed euhedral pyrite formed in bottom 
sediments in the lower estuary (HC4). Close spatial association of pyrite framboids 
and euhedra is common in natural settings and suggests a genetic relationship 
(Sawlowicz, 2000).  The formation of euhedra is indicative of slow crystallisation. 
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4. Conclusions 
The analysis of waters and bottom sediments from the Halls Creek catchment allows the 
following conclusions to be drawn: 
1. While both evaporation and weathering were found to be major processes that 
control the major element geochemistry of water samples, the contribution of 
atmospheric precipitation is zero in all water samples. 
2. Conductivity ranges widely from very fresh to saline, while pH has a relatively 
narrow range between slightly acid to slightly alkaline.  Manganese and Al occur in very 
low concentration in water while the concentration of iron is high, with a maximum 
concentration of 15.7 mg/L. 
3. The main primary minerals found in stream and estuarine bottom sediments are 
quartz and feldspars.  The most abundant clay mineral present is kaolinite (up to 53%), 
followed by illite-smectite mixed layer and illite. Pyrite and hematite are also present in 
the bottom sediments.  Iron released from adjacent areas during weathering precipitates 
as hematite in the fresher water section of Halls Creek.  In contrast, in the estuarine 
reaches, anaerobic degradation of organic matter in bottom sediments results in the 
reduction of hematite; the resulting Fe2+, in combination with sulfate from seawater and 
high loadings of organic matter, appears to be producing conditions favourable for the 
formation of pyrite in the estuarine substrate.   
4. Pyrite was identified as part of a floating film of suspended sediment in the 
estuary.  These sediments could have originated from erosion of streambed or bank, 
especially during rain events, which are known to increase the turbidity of the creeks in 
the region.  The high oxygen content of the water confirmed that the pyrite framboids had 
not formed in the water column.  Although framboidal morphology was dominant at all 
the sites, perfectly spherical closely packed framboids were only observed in the samples 
of suspended sediment. The rare octahedral form was present in bottom sediments, which 
indicates the slow in situ crystallisation of the pyrite and a minimum degree of 
disturbance of the substrate. 
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